ABSTRACT
INTRODUCTION
The cashew (Anacardium occidentale L.) crop and associated agro-industrial business are of major socio-economic impact in three states of the Northeastern Brazil (Ceará, Rio Grande do Norte, and Piauí), providing annually incomes around 230 million dollars with exports of 90% of the production of the cashew nut and shell liquid (Sindicaju, 2007) . This region accounts for the third highest cashew production (FAO, 2008) . The major causes of direct or indirect losses are the inflorescence blight, fruit rot and leaf anthracnose, caused by the fungus morphologically described as the anamorphic stage of Glomerella cingulata (Stoneman) Sp. and Schrenk, i.e., Colletotrichum gloeosporioides (Penz.) Penz. and Sacc. All the commercially available clones are susceptible to infection (Freire and Cardoso, 1995) . Symptoms include sunken subcircular or angular lesions that produce erumpent, mucilaginous, orange spore masses in favorable environments. In general, such symptoms are similar in all cashew hosts from different localities, but the isolates of the pathogen may vary in its degree of aggressiveness as well as in its cultural and morphological characters. Species concepts based on morphological criteria are generally broad for the genus Colletotrichum, and wide variations for cultural and morphological characters, pathogenicity and host range have been reported among isolates of C. gloeosporioides (Alahakoon and Brown, 1994; Gonçalves-Vidigal et al. 2008; Jeffries et al., 1990; Skipp et al., 1995; Menezes and Hanlin, 1996a, b; Sera et al. 2007) . Sequence analyses of the intergenic transcribed spacers (ITS 1, ITS 2) and Domains (D1,D2) of large subunit (LSU) ribosomal DNA (rDNA) have been valuable for delineating isolates and species from this genus (Adaskaveg and Hartin, 1997; Forseille, 2007; Freeman et al., 2001; Johnston, 2000; Johnston and Jones, 1997; Moriwaki et al., 2002; Sherriff et al., 1994; Vinnere et al., 2002) . In a study of C. gloeosporioides isolates from Stylosanthes spp. in Mexico, morphological and molecular criteria, including amplification and restriction of a specific fragment of the internal transcribed spacer 1 (ITS1) region of rDNA, were used to cluster the isolates into three groups partially related to their host species of origin (Munaut et al., 2001) . Later, Abang et al. (2002) failed to distinguish C. coccodes from C. circinans based on restriction analysis of their ITS sequence. These authors hypothesized that these species were identical and could belong to the same taxon, in spite of apparent morphological differences. In further studies, Fagbola and Abang (2004) provided evidences of this differentiation of both species after amplifying their 18S rDNA molecules (1.65 Kb long fragments), and submitting them to denaturing gradient gel electrophoresis (DGGE). Cano et al. (2004) , however, demonstrated that sequencing of D1-D2 domains of the LSU rDNA gene also supported the results provided by the amplification of ITS1 in distinguishing between Colletotrichum spp. that were of human clinical interest. Further, Cannon et al. (2008) emphasized that the anamorphic species C. gloeosporioides had never been adequately typified in agreement to the modern nomenclatural practice, and there were three distinct rDNA ITS sequences of the epitype strain in GENEBANK, so it should be re-sequenced to confirm the true base-pair structure. A better understanding on the population structure of C. gloeosporioides associated with anthracnose of cashew will increase the basis of recommendations for the management/control of disease, influencing in breeding programs. Since there are no good morphological markers for its subgroups, molecular markers, such as sequences of rDNA, are needed. This study aimed to determine the extent of variation in a collection of thirty six fungi isolates from anthracnose lesions in cashew and associated host plants in Brazil, combining the cultural, morphological and molecular criteriabased on D2 nucleotide sequences of the LSU rDNA, to provide their identity.
MATERIALS AND METHODS

Isolates and cultural characteristics
Thirty six isolates of Colletotrichum from cashew and associated host plants were obtained from various locations in NE Brazil (Table 1 ). All the strains were subcultured on cornmeal agar (CMA) to ensure the purity (O'Connell et al., 1985) . Spores were produced by subculturing the isolates in 100 ml of Colletotrichum medium (CM) (Mathur et al., 1950) dispensed in flasks (250 ml), for seven days, and the spore suspensions were obtained by adding ca. 20 ml sterile distilled deionized water (SDW) to these cultures, and shaking. Then, single-spore cultures were produced from all the isolates prior to experimental use. The same procedure was carried out using reference strains from the Long Ashton Research Station-UK (LARS) collection, chosen as representatives of different morphological groups, with emphasis on those with straight conidia/spores that infected distinct hosts [C. capsici (LARS 141) (Mathur et al., 1950) and Czapek-Dox-V8 (CDV8)] dispensed in 9 cm dia. Petri dishes. CDV8 was prepared by adding 22.8 g Czapek Dox agar medium (Oxoid), 0.5g mycological peptone (Oxoid), 0.5 g yeast extract and 0.5 g casein hydrolysate to 100 ml V8 juice filtered through muslin cloth. A plug of mycelium (ca. 4 mm diameter), derived from single-spore cultures, was placed in the centre of the plates and the cultures were incubated (25ºC, black light). For growth-rate studies, the colony diameter of three replicates of each isolate on different media was recorded daily during 13 days. Cultures were left for a further 10 days and then examined for the presence of stroma, setae and perithecia. Table 1 -Colletotrichum/Glomerella isolates from Brazil used in this study (include LARS 009, 058, 074, 076, 141, 164, 167, 202, 238, 414, 501, 781 
Conidial
morphology, germination and formation of appressoria Conidial suspensions (5 x 10 5 conidia/ml) of each isolate were prepared from CM flask cultures and the shape and dimensions of 30 spores were determined under a Zeiss Axiophot light microscope fitted with a graticule eyepiece. Drops (10 µl) of the conidial suspensions were placed in the wells of cavity slides that had been acidwashed (ICN-Flow, High Wycombe, Bucks, UK) and incubated in a humid chamber at 25 o C for 16-24 h in the dark. Germinating conidia were examined by light microscopy (Zeiss Axiophot, Nomarski DIC) for septum and appressorium development, and the shape, average length and width of 30 appressoria from each isolate were measured.
DNA preparation
Conidial suspensions from CM flask cultures were used to inoculate 100 ml of Czapek Dox-V8 liquid medium in 250 ml flasks (Sherriff et al., 1994) . The flasks were incubated at 25 o C on an orbital shaker (126 rpm) for 48 h. To test for yeast or bacterial contamination, LB medium (Gibco BRL) was inoculated with a small aliquot of the culture fluid, just before harvest of the mycelium, and incubated for 48 h (25 o C dark). The mycelium was harvested by filtration (Whatman nº 1 filter paper), using a Buchner funnel and vacuum pump, and washed with 200 ml of SDW. The liquid was removed by vacuum and the harvested mycelium was ground to powder in liquid nitrogen, with a pestle and a mortar. This was transferred to plastic tubes, freeze-dried for 24 h and stored at -20 o C.
DNA was extracted from the powdered mycelium using a method adapted from Graham et al. (1994) . A 2-ml screw-top Eppendorf tube was one-third filled with ground mycelium and 1.5 ml of hot (65 o C) extraction buffer [TE: 100 mM TrisHCl, 20 mM EDTA, 1.4 M NaCl and 2% CTAB (w/v)] was added. After mixing thoroughly, the well-soaked mycelium was incubated at 65 o C for 30 min and then centrifuged at 16,000 g for 10 min. The supernatant was transferred to a new Eppendorf tube and to remove the proteins, one volume of CHCl 3 : isoamyl-alcohol (24:1 v/v) was added and mixed by gentle inversion for 1-2 min. The suspension was then centrifuged (16,000 g, 3 min) and the upper aqueous phase collected in a 2 ml "Dolphin" microcentrifuge tube (Multi Dolphin Safe Seal Tubes, Sorenson BioScience Inc.). This was added with a 0.1 volume of 4 M sodium acetate and 2.5 volumes of ice-cold absolute EtOH. The contents of the tube were gently mixed and the DNA was precipitated at -80 o C for 10 min. After centrifugation (16,000 g) for 1 min, the supernatant was discarded and the pellet was washed twice with 70% EtOH, mixing gently by inversion. The resulting DNA pellet was dried at 65 o C on a heating block for 3-5 min, and dissolved in 200 µl TE buffer plus RNAase (50 µg/ml) at 37 o C for 1 h. To remove the RNAase, all the previous steps from the addition of CHCl 3 :
isoamyl-alcohol (24:1 v/v) to the dried pellet DNA were repeated. The DNA was dissolved in 100 µl of TE buffer (37 o C, 1 h) and stored at 4 o C before amplification by PCR (Sambrook et al., 1989) .
Amplification of rDNA
The concentration of DNA extracted from the mycelial samples was determined at 260 nm in a HP D-8452 spectrophotometer. Samples were diluted to 0.1 µg/µl with 1/10 TE buffer, and used in the polymerase chain reactions (PCR). Amplification of rDNA repeat sequences was carried out using the Perkin Elmer GeneAmp PCR Kit [Buffer, deoxynucleosides Triphosphate (dNTPs) and AmpliTaq DNA Polymerase] and Thin-walled PCR Tubes (both from Applied Biosystems), in a thermocycler (Perkin Elmer Cetus 480). The 10X PCR buffer contained 100 mM Tris-HCl pH 8.3, 500 mM KCl, 15 mM MgCl 2, 0.01% (w/v) and gelatin, and the dNTPs were dATP, dCTP, dGTP and dTTP. Domain 2 within the 28S gene was amplified using the primers Pn 2 (5'-GTT CAC CAT CTT TCG GGT CC-3') and Pn 9 (5'-CTT AAG CAT ATC AAT AAG CGG AGG-3') (Guadet et al., 1989; Sherriff et al., 1994) . The reaction mixture per PCR tube consisted of 10 µl of water-diluted DNA sample (0.1 µg/µl), 2 µl of each primer (50 pmol/µl, 2 µl = 1 µM of each), 2 µl of each dNTP (0.2 mM of each dATP, dCTP, dGTP and dTTP), 10 µl of PCR buffer, 0.5 µl of AmpliTaq DNA polymerase (2.5 Units) and 67.5 µl of SDW. The DNA samples plus the reaction mixture were overlaid with 50 µl PCR mineral oil (Sigma). PCR was carried out using the following thermocycler program: initial denaturation 96 o C, 120 s; then, 30 cycles of 15 s at 96 o C (denaturing), 30 s at 60 o C (annealing), 60 s at 72 o C (elongation), followed by a final 90 s extension step at 72 o C and their storage at 4 o C. Samples of PCR product (8 µl plus 8 µl of 2X Orange G) were electrophoresed on 0.8% agarose gel in TBE/Eb, against 0.1 µg of DNA size marker (100 bp, 1 µg/µl).
DNA Sequencing
Sequencing reactions were carried out using the Sequenase PCR Product Sequencing Kit (USBAmersham International plc, USA) and the protocol provided by the supplier. Primer Pn 4 (5'-CCT TGG TCC GTG TTT CAA GAC GGG-3') was diluted in sterile deionised water. Sequencing gels were prepared from SeqGel (NBL Gene Sciences Ltd.), containing 6% acrylamide: bisacrylamide (19:1) and 7 M urea. When ready to pour, ammonium persulfate and also N,N,N',N'-tetra-methyl ethylene diamine (TEMED) was added to the gels. They were run on a vertical electrophoresis system (Base Runner Nucleic Acid Sequencer, International Biotech. Inc., USA). The developed gel was read manually, and each sequence was aligned using GCG PileUp. Data obtained from the sequencing of the D2 region of all isolates were compared with those of the D2 regions of some Colletotrichum species previously studied Moses et al., 1996; Sherriff et al., 1994) , using the neighbour-joining method of Kumar et al. (1993) , and a dendrogram depicting similarities was constructed using the MEGA (Molecular Evolutionary Genetic Analysis) software (version 1.01).
RESULTS AND DISCUSSION
Cultural morphology
The isolates examined varied in growth rate (Table  2) and cultural morphology on the four media tested. On PDA, aerial mycelium was velvety to densely floccose, with a gradual tendency from white-greyish to dark green-moss pigmentation. On OMA, the colonies were less variable, with predominance of white-greyish floccose mycelium covering an abundant mucilaginous mass of orange acervuli and spores. CZD-V8 also induced abundant formation of acervuli in most isolates, although resulting in a slighter floccose and thinner greyish to green-moss mycelium. 1 Growth rates of the colonies between the 3 rd and 6 th day after inoculation on the media. Highest and lowest averages on the same tested medium are depicted in bold. LSD 1% followed by asterisk (*) indicates that significant differences were detected between 2 treatments of the same column or row.
OMA, CM and PDA induced considerable production of conidia in the aerial mycelium, and on PDA this was the predominant type of sporulation. CM induced more acervuli formation than PDA and less aerial sporulation than PDA and OMA. The reverse of the cultures was mostly greyish-white to dark green-moss. Generally, mycelial growth at 25 o C was more profuse on PDA, moderate on CZD-V8 and CM, and least on OMA (Table 2 ). These findings were in agreement with studies of Lenné (1978) , who reported that mycelial growth of numerous Colletotrichum species was always greater on PDA than OMA. When growth rates were evaluated on the same medium, there was no highly significant difference on CM, but some isolates showed considerable variation on the other media, for example from 7-15.7 mm per day on CZD-V8. For some isolates a highly significant variation occurred between the daily mycelial growth rate on different media. However, for most of the isolates, the growth rates were not significantly different (LSD 5% for comparing two media), even between the media, this criterion did not separate them into groups. Several authors have reported average daily growth rates for the isolates of C. gloeosporioides from various host plants on PDA and other media. Overall, maximum growth rates of between 6.2 and 16.6 mm per day have been measured at optimum temperatures between 25 and 30oC (Adaskaveg and Hartin, 1997; Kuramae-Izioka et al., 1997; Lenné, 1978) . Muniz et al. (1997) recorded growth of C. gloeosporioides isolates from cashew on malt extract agar (MEA) and showed that maximum rates (7.7-14.8 mm/day) occurred from 25 to 30 o C. The isolates of C. acutatum, however, exhibited much slower growth, with a maximum at 25 o C (Adaskaveg and Hartin, 1997; Agostini et al., 1992; Brown et al., 1996; Kuramae-Izioka et al., 1997; Smith and Black, 1990) . Since this distinction was provided by the molecular approaches like RAPDs and sequencing of ITS, Adaskaveg and Hartin (1997) suggested that temperature relationships could be combined with the mycelial growth rates to distinguish C. acutatum from C. gloeosporioides.
Morphology of spores, germination and appressorium formation
In the present study, the spores (Table 3) of most of the isolates on PDA were generally straight with rounded apices, typical of C. gloeosporioides conidia, but some single-spore cultures also produced straight spores with one or two obtuse apices. Conidial morphology has also been used in taxonomic investigations of Colletotrichum spp. (Adaskaveg and Hartin, 1997; Lane et al., 1998; Menezes and Hanlin, 1996a, b; Moriwaki et al., 2002) . According to the studies of Munaut et al. (2001) , although the majority of isolates of C. gloeosporioides from Stylosanthes formed straight spores, many produced falcate ones. Conidial length was considerably more variable than width. The ratio of the shortest (907 = 12.42 µm) to the longest (917 = 17.67 µm) isolateconidia was 1:1.42, and of the narrowest (935 = 4.79 µm) to the broadest (928 = 5.99 µm) isolateconidia was 1:1.25. These ratios were in agreement to the observations of Menezes and Hanlin (1996b) , in which the isolates of C. gloeosporioides from avocado, cashew, citrus, guava, soursop and mango, the corresponding ratios were 1:1.41 and 1:1.28, respectively. The length/width (L/W) ratio of the conidia of the isolates ranged from 2.49 to 3.41, in agreement with the findings of Andrade et al. (2007) and Menezes and Hanlin (1996b) . The germination of conidia in vitro on glass slides, with the formation of a single septum (Table 3) , followed by the production of hyaline appressoria, was observed within 6 h for all the isolates. By 24 h, the appressoria had melanized, appearing light to dark brown, thick walled with a hyaline germpore. Appressoria varied in morphology from globose, with a diameter of 6.3-7.5 µm, to subglobose, with lengths of 5-10 µm and widths of 5-9 µm (Table 3) , similar to results for C. gloeosporioides reported by Baxter et al.(1983) . Cox and Irwin (1988) suggested the existence of three groups within the isolates which were originally classified as C. gloeosporioides. The first comprised the isolates with mean conidial widths between 3 and 4.2 µm, and with either unlobed or slightly-lobed appressoria. The second had the isolates with mean conidial widths between 4.5 and 5.5 µm, and with unlobed or slightly-lobed appressoria. The third group comprised the isolates with conidial widths between 4.5 and 5.5 µm, but with obviously lobed appressoria, compatible with the definitions of C. crassipes. All the isolates of this work had similarities with the second group of C. gloeosporioides defined by Cox and Irwin (1988) . 
Morphology of perithecia and setae
Most isolates (64%) produced embedded or partially embedded perithecia, singly or in small stromata scattered over the colony surface. The majority of these embedded perithecia, when crushed for microscopic examination, were found to be sterile or producing few visible ascospores. Some isolates also produced large aggregated perithecia in embedded or prominent stromata or in tufted mycelium that were always fertile. The sterile perithecia were morphologically identical to the fertile form, with a diameter between 275 and 304 µm, while the length of the canal-lined ostiole varied from 277 to 292 µm. Irwin and Cameron (1978) reported that Type A of C. gloeosporioides from Stylosanthes produced sterile perithecia in pure cultures. Gunnel and Gubler (1992) reclassified some isolates as C. gloeosporioides, based on the presence of fertile as well as sterile perithecia, when they had been previously identified as C. fragariae because of their production of sterile perithecia. The asci of the fertile perithecia of the different isolates were curved fusiform (60-69 µm in length) and contained eight cylindrical rounded to fusiform hyaline and aseptate ascospores (17 -22 µm in length). The observation of the ascogenous phase in these monoconidial isolates confirmed that they were homothallic (self-fertile) in agreement with the findings of Lenné (1978) for C. gloeosporioides.
Molecular characterization
Comparing the aligned nucleotide sequences of the D2 region (180 nucleotides) of the studied isolates, along with data of other previously-identified Colletotrichum species from LARS collection Moses et al., 1996; Sherriff et al., 1994) , the maximum number of differences among the aligned bases was 16, i.e. 8.9%. Across the set of the isolates, 21 position changes occurred, 12 of them in the last 80 sites. From the difference matrix (Table 4) and corresponding tree and bootstrap analysis (Fig. 1) , except for isolate LARS 921 that was identical to G. cingulata (LARS 238) , all the isolates from cashew and associated plants appeared to be very closely related (> 98.9 % homology) to each other and to C. gloeosporioides obtained from C. melo (LARS 781), M. indica (LARS 501), A. virginica (LARS 074), S.scabra (LARS 167) and S. sp (LARS 189). Table 4 -Difference matrix of Domain 2 region of LSU rDNA from different Colletotrichum/Glomerella isolates (LARS 905-940), from cashew and associated plants, and other representative of both genera. 1 1 Differences are calculated as a proportion of the sites with differences (transition and transversion only, counted as one).
2 also LARS 938 (G3); 3 also LARS 074, 907, 910, 911, 914, 915, 916, 918, 919, 920, 925, 926, 928, 929, 930, 932, 933, 934, 935, 936, 937, 939 (G2) ; 4 also LARS 908, 922, 923 (G1); 5 also LARS 913, 917, 924, 927, 931, 940 (G4) ; 6 also C. orbiculare (LARS 414), C. malvarum (LARS 076), C. trifolii (LARS 164). 058, 074, 076, 141, 164, 167, 202, 238, 414, 501, 781. The maximum number of differences among the aligned bases of these isolates from the ones of the references were: C. 906, 907, 910, 911, 914, 915, 916, 918, 919, 920, 925, 926, 928, 929, 930, 932, 933, 934, 935, 936, 937 and 939 (G2) were identical to C. gloeosporioides obtained from A. virginica or M. indica but differed by two nucleotides from the isolates of Stylosanthes spp. Isolates LARS 909 and 938 (G3) were identical to the ones obtained from Stylosanthes spp., and isolates from G4 (LARS 912, 913, 917, 924, 927, 931, and 940) differed by two nucleotides from those in Stylosanthes spp., and by only one nucleotide from those on A. virginica, M. indica or C. melo. Different regions (D1, D2) of the LSU rDNA and intergenic sequences (ITS1, ITS2) have more variation in their rate of evolution than do the domains of the small subunit, being useful to distinguish groups in closely related taxa, like in the genus Colletotrichum Kohn, 1992; Moses et al., 1996; Moriwaki et al., 2002) . Sherriff et al. (1994; observed that sequence data from the D2 region was as informative as the combined D1, D2 and ITS2 regions (886 bp) in revealing the differences and relationships in Colletotrichum, since it has a sufficient proportion of sequence divergence to distinguish between the main species of this genus. Moses et al. (1996) identified C. gloeosporioides as the causal agent of stem tip dieback of cassava (Manihot esculenta), based on the relatedness between their D2-rDNA sequences and the ones of other Colletotrichum isolates. The authors found that cassava C. gloeosporioides isolates differed by only one nucleotide from those of A. virginica, M. indica and Stylosanthes spp., exactly as for some isolates in the present study. Sreenivasaprasad et al. (1996) reported that, for a limited number of Colletotrichum species, the ITS1 region of rDNA showed a greater degree of intra and interspecific divergence (50.3% variable sites) than the ITS2 region (12.4% variable sites). Considering the isolates of C. gloeosporioides and C. fragariae, which did not diverge in ITS2 sequence but diverged (2.4%) in their ITS1 regions, Sreenivasaprasad et al. (1996) suggested that C. fragariae could be accommodated within the broad species concept of C. gloeosporioides. With regard to intraspecific variability in ITS1 of these 26 isolates of C. gloeosporioides, the sequences were identical in size (171 bp), but showed up to 3.6% nucleotide variability. Abang et al. (2002) , however, failed to distinguish between C. coccodes and C. circinans based on the restriction analysis of their ITS sequence, and Cano et al. (2004) demonstrated that sequencing of the domains D1-D2 of the LSU rDNA gene also supported the results provided by the amplification of ITS1 in distinguishing between the species of Colletotrichum of human clinical interest. According to the results of this work, the sequence analysis of the Domain 2 region allowed to show the differences between the main species of Colletotrichum, especially when the morphological criteria were inconclusive. Even a small difference (3.3%) distinguished the isolate LARS 921 from the others, described in four groups of C. gloeosporioides. The D2-rDNA nucleotide sequence of LARS 921 was identical to G. cingulata from V. unguiculata, and although it produced perithecia in different media, another 23 isolates did the same. Hence, the presence of perithecia and host origin could not be adopted as criterion to distinguish between the species. Pathogenicity tests performed by Lopez (1999) showed that different cashew clones were infected by the isolates of C. gloeosporioides obtained from cashew and other susceptible plants, cultivated in close proximity in Brazil. The present work corroborated this evidence for anthracnose cross-infection in cashew, since it showed that polymorphism of the D2 sequences of the 28S rDNAs of these isolates was not enough to clearly distinguish within the species -the four sub-groups of isolates had origins as distant as 
Isolate -LARS
